The Canon Autoref R-1 is used extensively to investigate aspects of the accommodation response of the human eye. The measurement zone of the Autoref R-1 is known to lie outside the central pupil and the instrument's readings are therefore potentially influenced by the monochromatic aberrations of the eye. Since these aberrations are known to change as a function of accommodation, the error associated with the aberrations might influence the stimulus-response slope. We used masks and contact lenses with known amounts of spherical aberration to establish the region of the pupil used by the Autoref R-1 in deriving a reading of the refractive power of the eye. This region was estimated to be narrowly centred on a 3.5-mm diameter. The spherical aberration of the eye was measured for five subjects across a range of accommodation levels and used to predict the likely effect upon Autoref R-1 readings. Positive spherical aberration will result in an apparent lead of accommodation, while negative spherical aberration causes an apparent lag of accommodation. For eyes with normal levels of spherical aberration, the slope of the stimulus-response will appear to be marginally flatter when measured with the Autoref R-1. An example of an eye with coma-like aberrations is also shown to produce Autoref R-1 results that will differ significantly from more central refractive measurements.
Introduction
The refractive error of the eye can vary substantially across the pupil as a result of monochromatic aberrations. The potential influence of these aberrations upon objective optometer results was recognised by Charman and Charman. Objective optometers, which measure the refractive status of the eye in a peripheral zone of the pupil, can give substantially different results to those that measure centrally, depending upon the magnitude and type of aberrations present. This error can be confounded further by changes in monochromatic aberrations that arise in most eyes through accommodation.
There have been many studies that have demonstrated changes in the monochromatic aberrations of the eye as a result of accommodation (Koomen; Ivanoff; Smirnov; Jenkins; Lu et al., 1993 and Atchison) . Some of these changes originate in the asymmetric aberrations such as coma, while others occur for the symmetric aberration terms such as spherical aberration. Spherical aberration is generally reported to change from positive to negative (or less positive) when increasing the accommodation level from distance to near ( Koomen; Jenkins and Atchison) .
The Canon Autoref R-1 is one of the most widely used objective optometers for research studies of the accommodation response of the human eye. It was therefore considered of importance to establish the region of the pupil used by the Autoref R-1 in deriving a reading of the refractive power of the eye and to examine the likely influence of monochromatic aberrations on its readings. Winn et al. (1989) measured the infrared beam of the Autoref R-1 at the corneal apex as it entered the eye and found it to be approximately 0.7 mm in diameter. To measure the beam size as it left the eye, they measured the voltage output of the (modified) Autoref R-1 in continuous mode and found that a reduction occurred for pupil sizes less than 3.9 mm for a model eye and 3.5 mm for a human eye. Davis et al. (1993) have also noted that the continuous output from a modified Autoref R-1 was diminished substantially when the limiting aperture was reduced from 4 to 3 mm.
In this study we investigated the pupil zone used in Autoref R-1 readings and modelled the likely effects of monochromatic aberrations on the instrument's readings as a function of accommodation level.
2. Methods 2.1. Autoref R-1 The Canon Autoref R-1™ autorefractor is an infrared optometer, which allows freespace viewing by the subject while measurements of refraction are taken. The freespace condition arises through the use of a beamsplitter that reflects an infrared measurement beam into the subject's eye while at the same time transmitting visible radiation.
The infrared measurement beam (930 nm) of the Autoref R-1 is chopped at 5 kHz and projects through three masks oriented at 30, 150 and 270° into the eye. When performing a static refraction measurement, a motor in the instrument moves a lens system through a measurement sweep in about 200 ms. The measurement beam is reflected from the retina and directed through three identically oriented masks onto three photodetectors. Signal conditioning circuitry is then used to transform this modulated signal to a direct current (dc) voltage waveform. The Autoref R-1 processor calculates the sphere, cylinder and axis values for the eye by comparing the positions of the peak (maximum voltage) of each of the three waveforms (Winn et al., 1989) . Matsumura et al. (1983) have described some of the algorithms used in these calculations made by the Autoref R-1.
The calibration of the Autoref R-1 used in the following experiments was investigated byDavis et al. (1993) using cycloplegic subjective refraction and a range of soft contact lenses fitted to five subjects. Across the power range of interest (about +1 to −5 D) the instrument had an estimated error of 0.12 D, which was later subtracted from all readings. The linearity of the instrument calibration was checked periodically during the experiments using a calibration system supplied by Canon.
Measurement zone investigation
To investigate the measurement zone of the Autoref R-1 infrared beam, rigid contact lenses with known levels of spherical aberration were positioned over the entrance aperture of a Zeiss model eye (Figure 1 ). The Zeiss model eye consists of a +22.50 D lens, 9 mm entrance stop and pseudo-retina located at the focal plane of the lens. The model eye alone was emmetropic and contributed negligible on-axis monochromatic aberrations (measured using an aberroscope). Four polymethylmethacrylate (PMMA) contact lenses were designed with different levels of longitudinal spherical aberration (LSA). The spherical aberration of the contact lenses ranged up to a maximum of 2.5 D across a 6-mm optic zone. The back vertex powers of the contact lenses were measured 10 times at each chord length using a modified vertometer based on the Scheiner principle (Collins et al., 1997) . Autoref R-1 readings were then taken through each of the contact lenses placed at the entrance pupil of the model eye and the readings compared with the known back vertex power distribution across the optic zone of the lens. In this set-up the Autoref R-1 actually measures the front vertex power of the contact lens with slightly different optical conjugates. However the estimated difference in power (between the Autoref R-1 and vertometer power) is sufficiently small that the error will not substantially alter the estimate of the Autoref R-1 measurement zone.
The Autoref R-1 readings for the four rigid contact lenses were consistent with a measurement zone lying somewhere in the range between a 3.0-mm inner diameter and a 3.8-mm outer diameter (Figure 2) , showing good agreement with the limiting values reported by Winn and Davis. Errors in the measurement of the four rigid lens powers could make a small contribution to the potential annulus range. To verify if the beam entered through the central region of the pupil as suggested by Winn et al. (1989) , a 1-mm circular occluder was placed in the centre of the model eye's entrance aperture. The Autoref R-1 gave consistent "error" readings with this condition, confirming that the central region of the pupil is the entrance path of the Autoref R-1 beam. As a further study of the beam characteristics an opaque annulus with 2-mm inner diameter and 3-mm outer diameter was positioned concentrically in the entrance aperture of the model eye. In this configuration the Autoref R-1 gave the expected power readings, suggesting that this zone of the pupil was not critical in the Autoref R-1's measurement of refractive power.
Study of the influence of monochromatic aberrations
The Autoref R-1 derives its refractive power readings from a zone in the pupil in the range from approximately 3.0-mm inner diameter to 3.8-mm outer diameter. It was therefore of interest to consider the potential influence on Autoref R-1 readings of monochromatic aberrations occurring in this region of the pupil.
It is likely that all components of the wavefront aberration that are present in this zone of the pupil will influence the Autoref R-1 reading. However it is difficult to accurately predict the effect of third-order (asymmetric term) components of the aberrations in this zone upon the Autoref R-1 results; it is probable that they will influence both the sphere and cylinder results. This is complicated by the fact that the Autoref R-1 derives its sphero-cylinder result from only three oblique photodiodes (120° separation). The alignment of these photodiodes with respect to the asymmetric aberrations will determine the resultant sphero-cylinder.
On the other hand, the effect of a rotationally symmetrical wavefront component such as spherical aberration can be predicted with more certainty. The influence of ocular spherical aberration on the Autoref R-1 readings can be predicted in the following manner. The longitudinal spherical aberration (LSA) of the eye is measured for a 3.5-mm pupil (an estimation of the mid-point of the Autoref R-1 measurement area). The level of LSA at a 3.5-mm chord is the dioptric difference between the central power of the eye and the power of the eye at a 1.75-mm (semi-chord) ray height. To relate all accommodation readings taken with the Autoref R-1 to the central power of the eye, the dioptric level of LSA (at a 3.5-mm chord) is subtracted from the accommodation response measured by the Autoref R-1. That is Centralaccommodationresponse=−(AutorefR-1reading)−(LSAat3.5mm), (1) after the Autoref R-1 reading is corrected for the eye's refractive error. This leads to the interesting question of what constitutes the true refractive error of the eye. Questions then arise about how the refractive error is measured; objectively versus subjectively, what pupil size or regions were involved, and has the Stiles Crawford effect been considered. In this case we assume that refractive error is the subjective refractive error in photopic conditions. This subjective refractive error will probably be very similar to an objective measurement of the refractive error in the central region of the pupil, provided the eye has a normal pupil size in photopic conditions, normal Stiles Crawford effect and normal levels of monochromatic aberrations (Charman et al., 1978) .
As an example of the application of a compensation for spherical aberration in Autoref R-1 readings, if an emmetropic subject had +0.2 D of LSA for a 3.5-mm pupil (chord) at an accommodation level of 0 D (unaccommodated) and this subject's Autoref R-1 reading for a 0 D stimulus was −0.5 D (i.e. 0.5 D lead of accommodation), then the "central" accommodation response for this subject is 0.3 D. If this subject's LSA had been −0.2 D, then the "central" accommodation response would be 0.7 D.
2.4. Effect of measurement zone on steady-state stimulus-response To study the likely effect of the Autoref R-1 measurement zone on the stimulus/response function, the stimulus/response functions of nine subjects' right eyes were measured using the Canon Autoref R-1. The subjects were not selected based upon aberration or accommodation characteristics. Four of the subjects were discontinued from the study (leaving n=5) because their natural pupil constricted to be less than that required for the experiment during one of the conditions. The ages of the five remaining subjects ranged from 18 to 20 years and all had visual acuity better than 0.0 logMAR (6/6) in the tested right eye. Four of the five subjects had small refractive errors that were not habitually corrected and were left uncorrected during testing, but were compensated during analysis of the accommodation response data. Subject DV wore his habitual soft contact lens correction (−4.00 D each eye) during testing.
During measurement of the stimulus-response function, the subjects viewed the accommodation stimulus (Maltese cross) through a fixed 5-mm circular aperture placed as close as possible to the right eye, while the left eye was occluded. The fixed 5-mm pupil was created by drilling a hole in a Wratten 89B filter. This filter/aperture created an effective visible light aperture for the eye while simultaneously allowing unobstructed viewing of the eye during alignment and measurements using the Autoref R-1 (since the 89B filter transmits infrared). A 5-mm fixed pupil diameter was used so as to allow comparison of accommodation responses with monochromatic aberration results previously derived with the aberroscope for these same subjects.
The aberroscope grids for all of the five subjects who participated in this experiment were at least 4×4 intersections in size corresponding to a pupil diameter of 4.1 mm (for an emmetropic eye), about one-third of the grids had a 5×5 matrix corresponding to a pupil diameter of 5.4 mm (for an emmetropic eye) and a few grids had a 6×6 matrix corresponding to a pupil diameter of 6.8 mm (for an emmetropic eye). The monochromatic aberrations of all subjects' eyes were normalised to a 5-mm pupil, which required a small interpolation or extrapolation of data from the original aberroscope grid results. However it must be acknowledged that the aberroscope results are an estimation of the monochromatic aberrations that are present. The aberroscope grid itself is limited to a square measurement matrix within the pupil and both extrapolation and interpolation of data involves potential errors. . Since all subjects were not emmetropic or fully corrected (subject DV), there was a small offset in the accommodation stimulus data to compensate for the true accommodation demand. For example a subject with +1.00 D of uncorrected hyperopia viewing the stimulus target at 5 m will have an accommodation demand of 1.2 D.
Ten valid accommodation readings were recorded at each stimulus level. Invalid results can occasionally arise through artefacts related to blinking during a reading. These results typically show as an "error" reading or sometimes as a very high power result and these values were rejected from the data set. The mean and standard deviation of the best sphere accommodation response was calculated for each accommodation stimulus level (no subject had greater than 0.25 D of astigmatism). The order of stimuli presentation always commenced with the 0-D stimulus and progressively increased in accommodation demand up to the maximum 6-D stimulus. Subjects were instructed to fixate the centre of the cross and to "keep the cross as clear as possible" during the set of 10 readings at each stimulus level.
Natural pupils were used throughout the testing session, since drugs that dilate the pupil must also have some influence on the accommodation response. This is obviously true for cycloplegics, which paralyse the parasympathetic supply to the ciliary muscle and is also true to a lesser extent for sympathomimetics such as phenylephrine. The amplitude of accommodation is known to diminish after instillation of phenylephrine (Mordi; Mordi and Zetterstr), which also reduces the stimulus/response slope ( Mordi et al., 1986b ).
The stimulus target was a high contrast black Maltese cross against an internally illuminated white background. The room surface luminances were low photopic, averaging 5 cd/m2, which was necessary to maintain natural pupil sizes at greater than 5 mm (the size of the artificial pupil) throughout testing. A series of calibrated concentric rings were drawn onto the video monitor of the Autoref R-1. When focussed on the eye, the Autoref R-1 is at a fixed distance from the eye and these rings were used to monitor the size of the subject's pupil during the experiment.
The alignment of the subject's visual axis with the centre of the 5-mm aperture, Autoref R-1 camera system and stimulus target was conducted for each individual. The 5-mm aperture was attached to the body of the Autoref R-1 and aligned with the Autoref R-1 measurement axis (viewed on the Autoref R-1 monitor). The aperture was then positioned as close as possible to the subject's eye. The Autoref R-1 provides an alignment system (a tube with a sight at the distant end), which allowed the subject's line of sight to be aligned with the measurement axis of the Autoref R-1 while the subject fixated the Maltese cross target along the same axis (Figure 3) . Figure 3 . The set-up used to measure the stimulus-response characteristics of subjects. Alignment of the eye was carefully maintained to ensure the 5-mm artificial pupil remained centred on the visual axis.
To the end of the Autoref R-1 alignment system was added a set of "alignment rings" on a piece of card which were visible against the edge (vignette) of the 5-mm aperture in the subjects' field of view (Figure 3) . The subject was then able to check their head alignment relative to the 5-mm aperture, Autoref R-1 measurement axis and the Maltese cross target. This alignment was checked at the beginning and at various times during the measurement session, but the alignment apparatus was removed during testing. Based upon measurements of the possible error in alignment, the maximum decentration of the aperture should not have exceeded 0.5 mm and would normally have been less than 0.25 mm.
Aberroscope results were measured for each of the five subject's right eyes and the LSA derived across a range of accommodation levels (Figure 4) . The aberroscope method that was used is described in detail in Atchison et al. (1995) . Two to four aberroscope readings were taken at each accommodation level and the results averaged. Figure 4 . The longitudinal spherical aberration (LSA) (for 3.5-mm pupil) of the five subjects as a function of accommodation stimulus level. The LSA was derived from aberroscope measurements. Linear regressions are plotted for each subject's data.
The spherical aberration results were calculated for a 3.5-mm pupil size to match the estimated centre of the measurement zone of the Autoref R-1 and these values were then used to correct the Autoref R-1 readings (corrected for refractive error) using Equation (1).
Since the accommodation response levels of individuals did not exactly correspond during the aberroscope and stimulus-response experiments, a linear regression was performed on the spherical aberration versus accommodation data from the aberroscope measurements (Figure 4) . A linear regression provided a good fit to the spherical aberration versus accommodation data of most subjects (DV, RB and SA: all R2>0.89) and for those subjects where the fit was poor (CA and DS), the levels of spherical aberration were negligible. The data for subjects DV, RB and SA show what is considered the normal trend of increasing negative/decreasing positive LSA with accommodation, and the final two subjects show little change in LSA versus accommodation.
This linear regression was then used to produce a spherical aberration versus corrected accommodation response data set using Equation (1). By substituting the accommodation responses obtained during the accommodation stimulus-response experiment into the linear regression, the spherical aberration correction could be interpolated from the linear regression on spherical aberration versus corrected accommodation response ( Figure 5 ). This correction was only applied to accommodation responses within or close to the range of accommodation levels used in the aberroscope experiment. Figure 5 . An example of the method used to compensate for the effects of ocular spherical aberration on the accommodation readings taken with the Autoref R-1: (a) Spherical aberration was measured as a function of accommodation for the right eye of the subject using the aberroscope. The magnitude of spherical aberration is scaled to a 3.5-mm chord, which matches the estimated measurement zone of the Autoref R-1. A linear regression is applied to these data and used to produce the spherical aberration versus corrected accommodation response in (b) Equation (1). A linear regression is also applied to these data. (c) The subject's accommodation stimulusresponse is measured using the Autoref R-1. (d) The data from panel (b) (linear regression equating LSA to corrected accommodation response) is used to estimate the level of LSA present at the measured accommodation response (i.e. Autoref R-1 reading). This interpolated level of LSA is used to correct the Autoref R-1 reading, again using Equation (1) to produce the corrected accommodation response. After these procedures the error associated with spherical aberration in the Autoref R-1 data is becoming small. 3. Results 3.1. Effects of spherical aberration The stimulus-response relationships for the five subjects are presented in Figure 6a -e. Each subject's data are shown both with and without compensation for the effect of the pre-existing ocular spherical aberration on the accommodation response. For two of the five subjects (CA and DS) there was little effect of ocular spherical aberration upon the measured accommodation response using the Autoref R-1 (Figure 6a and b) . Figure 6 . (a)-(e) The stimulus-response data for five subjects measured with the Autoref R-1. The Autoref R-1 output is the accommodation response as measured by the Autoref R-1 which includes the effects of the eyes's natural aberrations including longitudinal spherical aberration. The "Corrected" output is the Autoref R-1 measurement corrected for the longitudinal spherical aberration of the same eye, as measured by an aberroscope.
For the remaining three subjects (DV, RB and SA) the effect of ocular spherical aberration on the accommodation response measured by the Autoref R-1 was substantial at some or all stimulus levels. Both subjects DV and SA showed greater "lead" of accommodation when the presence of negative spherical aberration was corrected in the accommodation reading of the Autoref R-1 (Figure 6c and d) . On the other hand, the positive LSA of subject RB at the lower accommodation levels caused an increased "lag" of the corrected accommodation response ( Figure 6e ).
Effects of asymmetric aberrations
While it is difficult to accurately predict the effect of asymmetric aberrations, such as coma, upon Autoref R-1 readings, it is possible to estimate these effects using videokeratoscope data for the cornea. Figure 7 shows the refractive power map of a cornea measured with a videokeratoscope. This corneal topography shows keratoconus with a high degree of asymmetry in refractive power. Figure 7 . The refractive power map of a subject's cornea who has keratoconus. The sphero-cylinder in the central 2-mm zone is +47.92/−3.00×135, while the result for an annulus centred at 3.5 mm is +47.77/−5.79×119. The change in sphere and cylinder is similar to that which could arise for an Autoref R-1 reading on this eye compared with a central power measurement.
A best-fit sphero-cylinder has been fitted to the corneal refractive power in both the central 2-mm diameter and an annulus 1 mm in diameter centred at 3.5 mm, to approximate the Autroref R-1 measurement zone. The best-fit sphero-cylinder was derived using a method described by Maloney and Keller. The sphero-cylinder in the central 2 mm was +47.92/−3.00×135 while the result in the Autoref R-1 measurement zone (centred at 3.5 mm) was +47.77/−5.79×119. While there has been little change in the sphere component, there has been a marked change in the cylinder power and axis as a result of the change of region used in sampling the power of the eye.
4. Discussion 4.1. Measurement zone The location of the Autoref R-1 measurement beam within a zone of the pupil at an estimated 3.5-mm chord has important implications for the interpretation of the accommodation stimulus-response relationship using the Autoref R-1. Since the monochromatic aberrations of the eye will typically change with the level of accommodation, these aberrations can be expected to influence the readings of the Autoref R-1 to varying degrees across the full range of accommodation levels. For subjects with high levels of spherical aberration, errors will exist in the assumed accommodation response when no compensation is made for the Autoref R-1's measurement zone. However, for most subjects the level of spherical aberration at the pupil diameter of interest (3.5 mm) is typically small (e.g. Walsh; Walsh; Campbell; Atchison and Collins) .
This problem is not unique to the Autoref R-1 optometer and will influence all objective optometers that average the refractive status of the eye across regions of the pupil other than the centre (e.g. Scheiner optometers, which sample the refractive power of the eye at a fixed separation in the pupil). Subjective optometers such as the laser speckle optometer are less prone to this type of error, since the measurement makes use of light passing through all regions of the pupil.
To measure the complete refractive status of the eye, an objective optometer should measure the state of refraction within the whole entrance pupil. Aberration measurement techniques such as the Hartmann Shack wavefront sensor and the aberroscope have the potential to achieve this aim, provided they have the dioptric range to encompass the normal range of refractive error and accommodation.
4.2. The influence of ocular monochromatic aberrations on Autoref R-1 readings There appears to be a small, but in some cases significant effect of monochromatic aberrations on the readings of the Autoref R-1 optometer. When the correction was applied for ocular spherical aberration to the stimulus-response function of five subjects, the effect was substantial for three of the subjects (up to 0.6 D difference). This is a difficult problem to solve when using the Autoref R-1. To introduce a compensation for this effect would require the measurement of the monochromatic aberrations of the eye across the full range of accommodation of interest. For a typical subject with lead of accommodation and positive spherical aberration for far stimuli, and a lag of accommodation and negative spherical aberration for near stimuli, the error induced by the Autoref R-1 measurement zone is an increase in both the lead and lag of accommodation (i.e. flattening of the stimulus-response curve).
This error in the Autoref R-1 readings has particular significance for studies of different groups of subjects rather than studies within groups where various conditions or treatments are studied with the same subjects. For the within-group studies, the errors in the Autoref R-1 readings are relatively constant for the same subject, provided a similar range of accommodation is involved for each condition tested. However in studies between groups, differences in monochromatic aberrations between the groups could be important.
As an example of a potential problem associated with the use of an optometer, which measures away from the centre of the pupil, consider the between-groups differences in accommodation characteristics associated with refractive error. Investigations of the monochromatic aberrations of the eyes of myopes and emmetropes have found that myopic subjects have higher overall levels of monochromatic aberrations (Applegate, 1991; Collins and Simonet) . The effect of these higher magnitude aberrations cannot be predicted without knowledge of their characteristics, however they could potentially influence the measured accommodation stimulus-response function and tonic accommodation in these refractive error groups.
The difference in refraction results between the central and peripheral Autoref R-1 zones illustrated in the asymmetric corneal power data highlights another potential source of error in Autoref R-1 results. As with spherical aberration, the magnitude of the effect of normal asymmetric aberrations on Autoref R-1 results cannot be accounted for without knowledge of the eye's monochromatic aberrations at a range of accommodation levels. It should be acknowledged that the example of the keratoconic cornea illustrated in Figure 5 is an extreme case. However the magnitude of asymmetric-type aberrations is generally considered to be significantly higher than that of spherical aberration and other symmetric aberrations ( Howland; Walsh; Campbell and Liang) . It is also noteworthy that the asymmetric aberrations of the eye frequently change with accommodation and this will lead to variations in the resultant sphero-cylinder and axis, in the same way that changes in spherical aberration lead to changes in the resultant sphere.
In conclusion, the Canon Autoref R-1 is a useful and popular optometer amongst vision researchers. The monochromatic aberrations of the eye influence the readings of Autoref R-1 and care should be taken when interpreting and comparing results between subjects or groups of subjects, if the level of existing aberrations of the eye are unknown.
